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INTRODUCTION
Iron is an essential nutrient for growth and development for all living organisms, particularly for mammalian erythropoiesis (Ganz, 2006) . Since it is known that iron excess can lead to the production of oxygen free radicals, important homeostatic mechanism must prevent excessive iron absorption in duodenum and must regulate the rate of iron release from macrophages involved in recycling.
Another reason why iron must be tightly controlled is resistance to infection. The acute phase response to infection is characterized by a number of changes in iron metabolism that includes a decline in serum iron turnover, sequestration of the metal in the Reticulo Endothelial System (RES), and in some cases a decrease in iron absorption (Yeh et al., 2003) . In inflammatory conditions, a diversion of iron traffic occurs from circulation to storage sites to minimize the availability of this nutrient to pathogens (Jurado, 1997) . These changes in iron metabolism contribute to the development of anemia of inflammation, in which the pathogenic mechanisms that cause this disorder are not well understood (Weiss & Goodnough, 2005) . It is thought to involve shortened erythrocyte lifespan with inadequate erythropoietic compensation.
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macrophages (Ganz) . It seems to have a significant role during inflammation by inducing hypoferremia. proinflammatory cytokines as IL-6 are a prominent inducer of hepcidin in inflammatory conditions, through a STAT-3 dependent transcriptional mechanism (Verga Falzacappa et al., 2007) .
To achieve its function, hepcidin binds to ferroportin (FPN), the only known iron exporter in enterocytes and macrophages, inducing its internalization, ubiquitinization and its subsequent degradation (Nemeth et al., 2004) . As a consequence, in the presence of hepcidin, iron efflux from FPN-expressing cells is greatly decreased, leading to hypoferremia, since iron cannot release from the cell (Rivera et al., 2005) . Since it is known that FPN is the main responsible for iron exportation from RES compartment and from enterocytes, several authors have studied its regulation in inflammation (Yang et al., 2002; Sheikh et al., 2007) .
However, tissue specific differences in FPN regulation and differential effects of hepcidin on iron tissues show that the adaptive response to inflammation is not entirely clear (Chaston et al., 2008) . Although there are studies about FPN regulation in macrophages of the RES in acute inflammation, its effects on duodenal FPN are less conclusive.
In order to determine the cell-type specific response of acute inflammation on FPN expression on iron relatedtissues, we develop an in vivo model to assess the distribution of FPN and its relation with prohepcidin.
MATERIAL AND METHOD
Animals. Adult female mice (CF1) (30 ± 5 g) were bred at the animal facility of the Universidad Nacional del Sur. The animals were kept in cages at controlled room temperature and humidity and were fed throughout on a standard diet with access to water ad libitum, under standard conditions: a 12 h light-dark period. The procedures followed are in line with the Guide for the Care and Use of Laboratory Animals. Prior to the initiation of this study, the protocol was approved by the Assessor Committee of Animal Care and Use of the Universidad Nacional del Sur.
Experimental Design . Adult mice (CF1) were divided into two groups (6 mice per group): (a) Turpentine-treated mice receiving turpentine oil intraperitoneally (150 µl) (Sigma Chemical Co.) and (b) healthy mice receiving saline solution (0.9% NaCl). Mice were subjected to blood controls, before turpentine or saline solution administration. Animals were anesthetized with diethyl ether for blood collection. Samples were collected throughout the study from the retro-orbital venous plexus.
Tissue Harvestation at Necropsy. A subset of each group of animals (n=3), were sacrificed by cervical dislocation. The duodenum, spleen and liver from both healthy and turpentine-treated mice were removed under sterile conditions by abdominal incision and fixed in 10% buffered formalin. Tissues were embedded in paraffin and sections of 5 µm were obtained.
Antibodies. Primary antibodies against mouse FPN were raised against a peptide corresponding to the C-terminus of FPN (GPDEKEVTDENQPNTS), kindly provided by Bruno Galy, from the European Molecular Biology Laboratory (EMBL), Germany. Prohepcidin immunodetection was performed with anti-mouse prohepcidin (Alpha Diagnostic). Rabbit anti-mouse L-chain Ferritin (RbaMoLF) were kindly provided by Paolo Santambrogio from Istituti di Ricovero e Cura a carattere scientifico, Italy. Goat-labeled polymer-HRP anti-rabbit Envision+System (DAB) (Dako Cytomation) was used as secondary antibody.
Immunohistochemistry technique. Tissue samples from healthy and turpentine-treated mice were post-fixed by immersion in fresh fixative solution (10% neutrally buffered formalin, pH 7.2) and embedded in paraffin. Sections of 5 µm were obtained and mounted on glass slides. Before labeling, sections were deparaffinized in xylene and rehydrated in a graded series of ethanol baths. Endogenous peroxidase activity in deparaffinized sections was blocked with H 2 O 2 3%. Sections were then incubated in phosphate buffered saline (PBS), pH 7.1, for 10 minutes at room temperature. Incubation with the primary antibody diluted into phosphate-buffered saline (pH:7.1) was carried out in a wet chamber for one hour at room temperature for FPN, and overnight at 4ºC for prohepcidin and L-ferritin immunodetection. Dilutions of antibodies were as follows: anti-FPN (1:500), anti-prohepcidin (1:100) and anti L-ferritin (1:1000). Following incubation with the primary antibody, tissues were washed with PBS, incubated with a goat antirabbit IgG peroxidase coupled secondary antibody for one hour at room temperature, and then re-washed with PBS. Subsequent localization of proteins was revealed by reaction with 3'-diaminobenzidine tetrahydrochloride (DAB) solution. Sections were then counter-stained with Harris hematoxilin. Finally, sections were dehydrated in ethanol and xylene and mounted on cover slips. Negative controls included incubation with PBS without the primary antibody. Immunostaining was analyzed using an Olympus BX51 microscope, equipped with x10, x20 and x40 dry objectives, and an x100 oil immersion objective. Digital images were obtained with an Olympus C7070 camera.
Plasma and Tissular iron. In plasma samples from healthy and turpentine-treated mice, iron levels were detected by colorimetric ferrozine-based assay (Roche/Hitachi) at: 3hs, 16hs, 24hs and 48hs.
Liver iron content was determined after acid digestion of hepatic samples using nitric acid 35% and followed by iron quantification with colorimetric ferrozine-based assay.
To determine iron store, Prussian blue iron staining was performed in sections of mouse duodenum, spleen and liver, following the manufacturer's instructions. Deparaffinized tissue sections were incubated in 2% HCl containing 10% potassium ferrocyanide for 15 min, washed and counterstained with Nuclear Red before visualization. Some of the spleen sections were treated with anti-FPN and anti-L-ferritin antibodies using the immunohistochemistry technique followed by Prussian blue iron staining, in order to determine the presence of hemosiderin deposits in both FPN and L-ferritin-positive cells. These sections were counterstained with Nuclear Red.
Statistical analysis.
In all mouse experiments, at least 6 mice were tested individually. Data of iron levels and hematological parameters were analyzed by Student´s t-test. The level of statistical significance was set at P < 0.05. All values are expressed as mean ± SD.
RESULTS

Ferroportin Expression
Duodenal tissue. In healthy mice, FPN was detected mainly inside enterocytes, localized immediately above the nucleus on the apical side, with slight basolateral expression (Fig.  1A) . Interestingly duodenal FPN expression changed in turpentine-treated mice, showing not only an increase but also redistribution along the basolateral membrane throughout villous enterocytes (Figs. 1B, 1C) .
Splenic tissue. Splenic FPN expression in healthy mice was particularly marked in red pulp macrophages surrounding nodules of white pulp, without expression in white pulp (Fig.  1E) . Immunoreactivity in the red pulp was observed both cytoplasmically and on the plasma membrane of macrophages. As expected, in red pulp, a large number of macrophages were stained for FPN and some of them also had hemosiderin (Fig.  1E) . Sections of spleen of turpentine-treated mice, showed a decrease in FPN staining of splenic macrophages compared with healthy mice (Fig. 1F) . In this condition, most of macrophages were negative for FPN and positive for hemosiderin.
Hepatic tissue. FPN expression in liver of healthy mice was limited to cells-identified as Kupffer cells on the basis of their cell morphology, where expression was found to be cytoplasmic and also at the plasma membrane (Fig. 1H) . Turpentine treatment resulted in down-regulation of FPN expression observing only few discrete Kupffer cells positive for FPN (Fig. 1I) .
Hepatic prohepcidin expression. Hepatic lobules of healthy mice were heterogeneous with respect to prohepcidin immunoreactivity. Within a hepatic lobule, prohepcidin expression was predominantly located in central veins being only few positive in periportal zones (Fig. 1K, 1L ).
In inflammation, we noted an increase in the number of hepatocytes that express prohepcidin, noting expression in all hepatic stroma, including expression near blood vessels ( Figure 1M ). In healthy mice intercellular differences existed between Prohepcidin positive cells: while most hepatocytes were strongly positive for prohepcidin others displayed only faint staining or were totally unreactive for prohepcidin. Kupffer cells, endothelial cells, lacked of prohepcidin immunoreactivity.
Iron Distribution
Duodenal tissue. In duodenum, enterocytes of healthy mice were positive for L-ferritin, noting expression both along the villi and in the crypts. At the subcellular level, cytoplasmic L-ferritin expression was observed and in some sections near the nucleus. Notably, not all the enterocytes were positive, with few less reactive for L-ferritin (Fig. 1D) . In duodenum of turpentine-treated-mice, hemosiderin was undetectable (Fig. 1C) . This pattern of expression was seen both in healthy and turpentine-treated mice.
Splenic tissue.
Immunohistochemical assays revealed that L-ferritin is highly expressed in spleen of both healthy and turpentine-treated mice (Fig. 1G) . As expected, in the red pulp, a large number of macrophages were stained for Lferritin and some of them also had hemosiderin (Fig. 1G) . Hemosiderin was mainly found in red pulp (Fig. 1G) . In white pulp, the cells stained for L-ferritin were few macrophages in the mantle zone and in marginal zone, most of them were negative for hemosiderin. We have not noted differences between healthy and turpentine-treated mice.
Hepatic tissue.
There was no discernible hemosiderin in liver of healthy and turpentine-treated mice neither hepatocytes nor Kupffer cells. L-ferritin expression was limited to hepatocytes, the pattern of expression along the tissue was associated with vascular sites, showing intense staining near central zones of the hepatic lobules (Fig. 1J) . We could also observe some Kupffer cells positive for L-ferritin and not associated with vascular sites (Fig. 1J) . Hepatic iron of turpentine-treated mice did not change compared with healthy mice (12.1 ± 2.6 vs. 7.0 ± 4.0 µmol/g dry weight).
Plasma Iron. Plasma iron levels at both 16 hs and 24 hs in turpentine-treated mice revealed a significant decrease (162 ± 25 µg/dL at 16 hs; 116 ± 10 µg/dL at 24 hs) compared with that observed in healthy mice (280 ± 35 µg/dL) (Fig. 2 ).
DISCUSSION
Our model of acute inflammation, which causes a subsequent systemic induction of acute phase response, was used to better understand the role of FPN and hepcidin in iron related tissues when iron metabolism is altered.
It is well known that hepcidin regulates iron distribution by controlling FPN expression (Ganz) . The best studied cell type is the macrophage, where evidence supports direct inhibitory effects of hepcidin on FPN levels (Delaby et al., 2005) . The low levels of FPN expression seen in acute inflammation in spleen and liver supports this inhibitory effect of hepcidin, impairing iron efflux and causing hypoferremia. As regards macrophages, the reduction of splenic and hepatic FPN observed in acute inflammation may facilitate iron retention and accumulation, explaining the rapid and marked hypoferremia observed (Yang et al.) . Therefore, the reduction in plasma iron levels is strong evidence that there was a decrease in iron exportation.
Iron retention occurs if there is iron release blockage. However, we could detect only little or no parenchyma hepatic iron at all. Additionally, in adult mice, the spleen appears as the major site of iron storage, containing more iron than the liver, and this iron is partially associated with hemosiderin being probably strainspecific (Cesta, 2006) . Therefore, high levels of hemosiderin observed in spleen of healthy mice under our experimental conditions could hamper the definition of changes in iron deposition.
Changes seen in splenic and hepatic FPN may result from a signal generated by hepcidin-FPN interaction (Nemeth et al.) . Taking into account the critical role of this regulator, we focused our study on the assessment of Prohepcidin expression and localization both in healthy and turpentine-treated mice.
In our study, prohepcidin localization in hepatocytes near blood vessels in healthy mice was in line with what would be expected for a secreted molecule. This result is consistent with that obtained by Wallace et al. (2006) , who reported prohepcidin localization in organelles, particularly Golgi apparatus, suggestive of proteins being accumulated in the secretory pathway prior to receiving a signal for secretion (Veuthey et al., 2008) . In fact, under our experimental conditions, turpentine treatment lead to an increase in prohepcidin expression levels.
Duodenum is one of the major sites of FPN expression, and as such it would be expected to respond in a similar fashion to splenic and hepatic FPN (Abboud & Haile, 2000; D´Anna et al., 2009) . However, duodenal FPN showed a different pattern of expression by acute inflammation. Paradoxically, several studies showed that FPN levels were either unchanged or even increased, although high hepcidin levels were found in all the cases (Chaston et al.) .
Unexpectedly, we clearly demonstrated a strong expression and redistribution of duodenal FPN by acute inflammation, showing that the mechanisms of intestinal iron regulation are different at least under our experimental conditions. Apparently, different signals could be involved in FPN regulation being cell-type specific. A finding worth noting concerns the redistribution of FPN to basolateral membrane, even with high levels of prohepcidin.
The basis for the differential effect of hepcidin in duodenal tissue is less clear. Previous studies have shown that the effect of hepcidin on serum iron levels is dose-dependent (Rivera et al.) . Therefore, we could explain the increased levels of duodenal FPN by the fact that duodenum simply requires a higher concentration of hepcidin, as occurs in chronic inflammation.
We suggest that there are tissue-specific differences in the response to hepcidin where not only temporal and quantitative differences exist in hepcidin action on iron tissues, but also the stimuli itself to increase this iron regulator. There is clear evidence that when it needs to block iron absorption as inflammation, FPN only decreases in tissues which are more compromised with iron metabolism since RES recycles a large amount of iron daily (Knutson & Wessling-Resnick) . Thus, we suggest that macrophages could be more sensitive than enterocytes to a hepcidin challenge and these cells require a more significant change in hepcidin levels to respond as RES.
Finally, the molecular pathways in acute inflammation include high prohepcidin levels which cause degradation of reticuloendothelial FPN resulting in hypoferremia. To cause a similar effect on duodenum, the signal should persist. We suggest that the regulatory signal that affected reticuloendothelial FPN was hepcidin. In the case of duodenal FPN, such response may be caused by hypoferremia. Taken all together, the observed response of the proteins studied may be part of a cyclical pattern of systemic effects of acute inflammation on mouse tissues.
